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ABSTRACT

A method of tuning and calibration for a thermospray ion source on a benchtop
quadrupole mass spectrometer using trifluoroacetic acid, pentafluoropropionic
acid, heptafluorobutyric acid, polytetrahydrofuran-250, and polytetrahydrofuran650 was proposed and evaluated. A 0.5% solution of the aliphatic acids showed
good mass range coverage (163-641) in the negative mode, and no substantial
memory effects. This mixture was evaluated over 45 days for fluctuations in the
ion intensities and ratios. It remained stable within the expected thermospray
reproducibility range, although the volatility of the trifluoroacetic acid made daily
preparation of standard mixtures necessary.

A similar solution of the

polytetrahydrofurans was evaluated in both the positive and the negative
ionization mode. While several high mass ions were identified in the resulting
spectra, these compounds lacked the reproducibility and predictability required,
and were dropped from further evaluation.
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CHAPTER 1

INTRODUCTION

The need for accurate, positive identification of trace components in
environmental samples has become critical over the last decade.

Various

analytical techniques using chromatographic separation of complex mixtures have
been employed by researchers in these areas.

GC/MS Techniques
With the combination of gas chromatography (GC) and mass spectrometry
(MS) techniques in about 19741, a nearly universal detector was employed in
conjunction with a separation process which made separation, detection, and
positive identification possible for a large variety of organic compounds.
Since about 19751, gas chromatography/mass spectrometry (GC/MS)
methods have been used extensively in the research and analysis of volatile
organic compounds and contaminants.

These methods however, cannot be

generally extended to non-volatile, thermally labile, and/or high molecular weight
compounds without complicated sample preparation (i.e. derivitization), and in

1 Heller, S.R.; McGuire, S.M .; Budde, W.L.; Environ. Sci. Technol. 1975, 9, 210-213.

1
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some cases, cannot be applied at all2. Such compounds can, in many instances,
be successfully

separated and analyzed using high performance liquid

chromatography (HPLC) techniques, with any of several commercially available
detectors (UV/Vis, fluorescence, conductivity, etc). While extremely sensitive
to some compounds, these detectors are not universal, and can often only be used
under certain circumstances to achieve the desired degree of sensitivity and
accurate identification. For example, UV/Vis and fluorescence detectors require
compounds which contain a good chromophore for sensitive detection, and the
conductivity detector cannot easily handle the solvent gradients which are required
in many analyses for proper elution of analytes.

These detectors cannot give

"high confidence" identifications for complex environmental mixtures which
contain unknowns, as they are entirely dependant on retention times for
identification of sample components3.

LC/MS Techniques
The combining of HPLC and MS techniques has taken considerably longer
than the GC/MS combination due to the substantial problems encountered in the
interfacing of a high vacuum environment with a solvent delivery system
operating at around a milliliter per minute (mL/min) flow rate (this liquid flow

2 Pilosof, D.; Kim, H .Y.; Dyckes, D.F.; Vestal, M.L. Anal. Chem., 1984, 56, 1236-1240.
3 Bellar, T.A.; Budde, W.L. Anal. Chem., 1988, 60, 2076-2083.
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Figure 1 HPLC/MS Off-axis Configuration Diagram

equals roughly 1.2 L/min of gas)4.

When dealing with capillary GC, the

interface is relatively simple, as it deals only with volatilized samples and a gas
flow of roughly 1 to 10 mL/min and entails only the use of a heated transfer line
in many cases. The higher volume liquid flow rate for HPLC/MS made an offaxis configuration desirable; where the bulk of the incoming solvent could be
pumped away before entering the vacuum chamber (See Figure # 1).
Several high performance liquid chromatography/mass spectrometry
(HPLC/MS) interfaces are now commercially available, including particle-beam
(PB), electrospray (ESP), and thermospray (TSP); with the particle-beam
interface being the most widely used of the three.

1 Covey, T.R.; Lee, E.D.; Bruins, A.P.; Hennion. J.D. Anal. Chen. . 191*;'), 5S, 1451A-1461A.
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Particle-beam Interface
The particle-beam interface relies on three main processes (1) nebulization,
(2) dissolution, and (3) momentum separation to introduce solute analytes into the
mass spectrometer. The nebulization process increases the surface area of the
incoming liquid flow.

The dissolution step then evaporates the more volatile

solvent from the less volatile solute particles. Finally, the volatilized solvent is
separated from the "solid" solute particles through momentum differences present
in the expanding aerosol beam.
Most particle-beam interfaces employ differential pumping on axially
aligned nozzles and skimmers to produce a finely focused solute particle beam.
Within this interface, aerosols containing solvent vapors and solute particles are
accelerated through a nozzle restriction into a low pressure region, forming a high
velocity aerosol beam, Because the radial expansion of the vaporized solvent is
usually far greater than that of the solute particles, this axial "skimming" results
in the enrichment of solute particles in the beam. A second skimmer directs this
enriched flow into the ionization chamber of the mass spectrometer, where the
particle beam is ionized and volatilized by contact with a heated surface in the ion
source.

This process results in very efficient solute transport, and yields of

approximately 50% are possible5. The HPLC/MS particle-beam interface uses

5 Extrel Benchmark Operation and Installation Manual, Version 2.2; Section 3.0, Principles of
Operation; Extrel, Pittsburgh, PA, 1991, p. 74.
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either an Electron Ionization (El) technique, which employs a high electrical
charge or filament as a means of ionization; or a Chemical Ionization (Cl)
technique which utilizes a reagent gas to ionize compounds.

Both of these

techniques are applicable to a wide range of hydrocarbon compounds, but do
require analytes which exhibit a certain degree of volatility; and neither technique
works well with some neutral compounds, or compounds which are polar or ionic
in solution6.

Electrospray Interface
In contrast to the particle-beam interface, the electrospray interface uses
an entirely different method of solute ionization. This interface consists of a
metal capillary tube filled with nitrogen gas, through which a solution of the
analyte is injected. The tube is held at a potential of several kilo-volts (kV).
This high potential causes a charge to build up on the surface of the incoming
liquid which is sufficient to overcome the surface tension of the liquid surface,
and results in the dispersion of the liquid into a fine spray. Ions emitted from
these charged droplets are directed into the mass spectrometer and analyzed. This
technique requires very low flow rates when compared to other HPLC/MS
interfaces, usually 5 to 10 /xL, which dictates the use of microbore HPLC
columns, and limits the applicability of this technique to small scale separations.

6 Stout, S.J.; daCunha, A.R. Anal. Chem. 1989, 61, 2126-2128.

6
The electrospray interface is a fairly recent advancement in HPLC/MS technique,
and is still in the research and development phase for most applications. Even
with the limited flow rate, electrospray ionization appears to be a very promising
technique for certain compounds.

Thermospray Interface
The thermospray HPLC/MS interface technique has recently been
employed for environmental sample analysis, and promises increased sensitivity
(over current particle-beam methods) for certain compounds.

This interface

technique has been shown to work extremely well in several, previously difficult
areas of mass spectral analysis. Thermospray ionization can be used effectively
in the determination of various biologically important compounds, will ionize
many neutral, non-volatile compounds, and is extremely sensitive (often several
orders of magnitude better than particle-beam interfaces) for compounds which
are ionic in solution7. It is also easily applicable to reversed-phase (RP) HPLC
solvent mixtures containing high percentages of an aqueous phase, which are
often difficult to deal with using particle-beam methods.

7 Betowski, L.D.; Development and Evaluation o f an LC/MS/MS Protocol, Quality Assurance and
Methods Development Division, EMSL Las Vegas.
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Thermospray technique allows the formation of ions without the use of an
external source of ionizing electrons8. This process makes use of an aqueous
mobile phase containing an electrolyte (usually ammonium acetate, but some
volatile salts, acids or bases can also be used depending on the analyte and the
solvents employed).
The thermospray technique has been described as "controlled or partial
vaporization of a liquid as it flows through a capillary tube.1,9 The interface is
relatively simple, and consists of a length of stainless steel hypodermic tubing
(outer diameter (OD) = 0.013 inches, inner diameter (ID) from 0.002 to 0.007
inches), which is threaded down the barrel of a heated, stainless steel tubing
sheath (OD = 1/16", ID = 0.02"). (See Figure #2) The space interval between
these two pieces of tubing is filled with a high volume flow of high purity helium
gas, heated by direct contact with the surrounding outer tubing. This gas flow
in turn, heats the inner hypodermic tubing and enclosed solvent/analyte flow.
The helium flow also helps to vaporize and break up the exiting solvent stream;
creating a supersonic vapor jet containing a mist or mixture of solvent droplets
and fine particles, a portion of which are electrically charged. As the size of the
charged particles diminishes, the surface electrical field increases until ions

8 Covey, T.R.; Lee, E.D.; Bruins, A.P.; Hennion, J.D. Anal. Chem., 1986, 58, 1451A-1461A.
9 Extrel Benchmark Operation and Installation Manual, Version 2.2; Section 3.0 Principles of
Operation; Extrel: Pittsburgh, PA, 1991, p 100.
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9
present in the liquid phase are physically ejected from the droplets. These ions
are carried through the focusing lenses in the thermospray source, and on into the
quadrupole area for mass separation and analysis10.
Because of the fairly recent development of the thermospray interface,
calibration and tuning methods have not yet been fully researched, adequately
tested, or standardized. A method o f instrumental calibration, using either an
injected mixture of compounds or a dual solvent post-column addition method
would be extremely helpful to the TSP HPLC/MS analyst.

PEG Tuning/Calibration
Currently, polyethyleneglycol (PEG) polymers of various molecular
weights (usually 300 or 400) are being used for tuning and calibration with mixed
success. When used with the thermospray interface/ion source in the positive
mode, PEG forms a series of ammoniated molecular ions11 which can be used
to tune or calibrate masses up to 750 amu or greater.

Solutions of PEG in

methanol at concentrations of 5 to 10% and in 100 millimolar (mM) ammonium
acetate at 50 parts per million (ppm) have been used by other researchers with

10 Covey, T.R.; Lee, E.D.; Bruins, A.P.; Hennion, J.D. Anal. Chem., 1986, 58, 1451A-1461A.
11 Extrel Benchmark Operation and Installation Manual, Version 2.2; Section 3.0 Principles o f
Operation; Extrel: Pittsburgh, PA, 1991, p 134.
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success11,12.

PEG is highly insoluble in aqueous solutions however, and

contaminates the MS system easily. This memory effect has been seen to stem
from the contamination of the interior surfaces of the high vacuum chamber and
roughing pump lines. PEG solutions coat the exposed surfaces and are difficult
to remove without total system disassembly and cleaning. Because it covers such
a wide mass range in calibration, the contamination is difficult to work with or
around unless only a highly specific or localized area of the mass spectrum, not
affected by this contamination, is being observed.
PEG is not being used on a large scale for tuning and calibration of the
TSP system because of these drawbacks.

Research Plan
The purpose of this research was to evaluate several compounds for use
as tuning / calibration agents for TSP HPLC/MS.

The compounds that were

selected for research are trifluoroacetic acid (TFAA), pentafluoropropionic acid
(PFPA), heptafluorobutyric acid (HFBA), and two different poly tetrahydrofuran
compounds with molecular weights at 250 (PTHF-250) and 650 (PTHF-650).
The fluorinated aliphatic acids were selected for study because of their
tendency to form adducts with the ammonium acetate solvent. Several papers

12 Betowski, L.D .; Development and Evaluation o f an LC/MS/MS Protocol, Quality Assurance and
Methods Development Division, EMSL Las Vegas.
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have been published on this subject, and show that these adducts are detectable
at molecular weights of up to 1900 using a triple-quadrupole tandem mass
spectrometer13,14,15.

The

reproducibility,

applicability

over

different

instrumental conditions and "ruggedness" of these adducts has been evaluated to
the extent possible over the course of this study.
Using a small, polar compound with solvent-adduct formation as a
calibration device is a departure from conventional tuning methods for existing
HPLC/MS interfaces, but the reasoning behind the selection of these compounds
is supported by previous research which shows a large mass range coverage by
the adducts formed13,14,15.
The second set of compounds chosen resemble more closely the PEG
polymers that have been used previously.

The polytetrahydrofurans were

expected to break up into reproducible fragments which would adequately cover
the mass range between 45 and 650 amu. This area would be roughly the same
as that covered by perfluorotributylamine (PTA) which is currently used as a
calibration agent for particle-beam techniques.

It was hoped that the more

13 Heeremans, C.E.M .; Van der Hoeven, R.A.M .; Niessen, W .M .A.; Tjaden, U.R.; Van der Greef,

Org. Mass Spectrom. 1988, 24, 109-112.
14 Stout, S.J.; daCunha, A.R. Org. Mass Spectrom. 1990, 25, 187-190.
15 Stout, S.J.; daCunha, A.R. Anal. Chem. 1989, 61, 2126-2128.
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volatile PTHFs would not contaminate the system to the same degree as the PEG
does, and would therefore be more suitable compounds for calibration use.

Compound Evaluation
The criteria for an acceptable calibration compound(s) were determined
to be:
(1) The compound(s) should exhibit reproducible ion formation over the
required mass range. The product ions formed should consistently have
the same masses, and occur in basically the same intensity ratios from run
to run. (For example, with the particle-beam interface in the positive El
mode, PTA consistently covers the mass range from 69 to 614 amu with
six major ion fragments (69, 131, 219, 414, 502, 614). The ions at 502
and 614 are consistently the smallest peaks in the series, with 69, 131,
and 219 being the dominant fragments.)
(2) The calibration compound(s) should have acceptably low detection
limits, and exhibit good signal strength.
(3) The compound(s) selected should not exhibit any long term memory
effects; (i.e. the compound(s) should be easily removed, and should not
contaminate the system.)
(4) The compound(s) should also be usable and reproducible over a range
of instrumental conditions if possible.

Small temperature fluctuations,

13

batch to batch compound or solvent differences, and day to day tuning
differences should not affect the ions produced to a large degree.
The evaluation of the five compounds listed was carried out in the following
manner:
All research was done using a ternary solvent HPLC system and a
benchtop quadrupole MS. The initial evaluations were made using a 95.0% to
5.0%

mixture (respectively) of aqueous (aq) ammonium acetate (0.1M) and

methanol, at a flow rate of 1.0 ml/min, with a source temperature of 250°C (set
point) and a nebulizer temperature of 160°C (set point).

These temperatures

served solely as an initial starting point, and were modified over the course of the
experiment to optimize adduct formation and/or fragmentation of the calibration
compounds.
Those compounds which met the initial criteria for signal strength and
detection limits, were then evaluated further for mass range coverage,
temperature and solvent sensitivity, and thermospray mode dependance.

If a

combination of these compounds was observed to give improved mass coverage,
then such a "mixture" could be used for calibration. Compounds not meeting
these initial criteria were removed from further consideration as calibration
compounds.

Once the suitability of the selected compounds had been evaluated,

temperature adjustments were made in an orderly fashion to evaluate the stability

14
of the compound (or mixture) under varying conditions.

Signal strength vs

instrument parameters was carefully monitored throughout the experiment.
To determine the stability over time of the calibration mixture, compounds
were re-evaluated using the previously established tuning and calibration
parameters at regular intervals over a 45 day period.

Both the instrumental

conditions, and the tuning compound (or mixture) were re-evaluated for tuning
whenever the calibration indices showed a drift, or the tune parameters originally
stored did not yield an acceptable signal.
Signal intensity, sensitivity, and ion masses generated were recorded for
each evaluation period and compared to the data generated from prior and
subsequent runs. Ion intensity graphs showing signal intensities for separate ions
and background noise levels were maintained in a regular fashion for a period of
45 days (See Appendix A).

These ion intensity graphs were then carefully

evaluated to reveal any connective or precursor relationships between instrumental
conditions and signal response.
At the end of the evaluation period, all data was compared and scrutinized.
The suitability of the compounds selected was determined, and an estimation of
their usefulness as tuning and calibration compounds for the TSP HPLC/MS was
made.

CHAPTER 2

CAPABILITIES AND MATERIALS

The instrumental specifications for this project have been broken up into
mass spectrometer, and high performance liquid chromatography sections, both
of which appear below.

Mass Spectrometer Capabilities
This work was performed with a Benchmark benchtop quadrupole
HPLC/MS system (Extrel Corporation, Pittsburgh, PA, USA) configured for both
particle-beam and thermospray modes of operation.

The instrument was a

differentially pumped system employing a 300 liter per sec (L/sec) turbomolecular
pump at the source chamber, and a 150 L/sec turbomolecular pump on the
analyzer (quadrupole) section of the chamber. This allowed the chamber to be
vented, the source changed or cleaned, or other maintenance performed or
adjustments made; and the vacuum to be re-established at around 5 x 10'5 torr in
under 30 minutes. This speed of access and brief down-time requirement made
the instrument extremely useful for research-related activity.

15
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The mass spectrometer had a mass range capability of 10 - 2000 atomic
mass units (amu) with a possible scan rate of 1 to 4000 amu/sec and a mass step
size of from 1 to 32 steps/amu. The preamp had a dynamic range of 5 x 10 s
(sloping), and scanning, full profile, and single ion monitoring (SIM) acquisition
modes16.
The MS system was controlled through a Sun Station Sparc I data system
which utilized Open Windows ver. 2 and Extrel IONStation software packages.

High Performance Liquid Chromatograph
Capabilities
Solvent delivery was performed using a ternary solvent HPLC pump
equipped with a flow feedback system to maintain constant flow rate (SpectraPhysics, San Jose, California USA; Model #SP8800). The solvent, 95.0% 0.1
to 0.05M ammonium acetate (aq) / 5.0% methanol, was pumped through a
reversed-phase C-18 column, 4.6 mm x 15 cm (Varian/Analytichem International,
Harbor City, California USA, P/N 12157017), at 1.00 ml/min which gave a
back-pressure of ~ 1200 psi. All solvents were de-gassed prior to use by means
of an on-line helium de-gas system.

16 Extrel Benchmark Operation and Installation Manual, Version 2.2; Section 3.0 Principles of
Operation; Extrel: Pittsburgh, PA, 1991, p 5.
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Reagents/Materials
ANALYTES:
All compounds selected as potential calibration and tuning agents were
purchased at the highest available purity from commercial sources as listed below:

Trifluoroacetic acid: 99% purity
Aldrich Chemical Company, Inc., Milwaukee, WI 53233
Lot ft: CX 05815BX
Pentafluoropropionic acid: 97% purity
Aldrich Chemical Company, Inc., Milwaukee, WI 53233
Lot rs: DX 00119TW, EZ 01416LY
Heptafluorobutyric acid: 99% purity
Aldrich Chemical Company, Inc., Milwaukee, WI 53233
Lot ft: BX 06808LV
Polytetrahydrofuran-250: no purity rating available
Aldrich Chemical Company, Inc., Milwaukee, WI 53233
Lot ft: DZ 07215DZ
Polytetrahydrofuran-650: no purity rating available
Aldrich Chemical Company, Inc., Milwaukee, WI 53233
Lot ft: HY 01504DW
Polyethyleneglycol-300: no purity rating available
Aldrich Chemical Company, Inc., Milwaukee, WI 53233
Lot if: HL 2902LJ
Polyethyleneglycol-600: no purity rating available

18
Aldrich Chemical Company, Inc., Milwaukee, WI 53233
Lot #: JL 2630HK

OTHER MATERIALS/REAGENTS:
HPLC solvents, analytical compounds, and compressed gases were
purchased from commercial sources as listed below:

Methanol: HPLC and Pesticide Residue analysis grade
Burdick & Jackson, Muskegon, MI 53233
Lot #: BC444
Ammonium Acetate: 99+% purity
Aldrich Chemical Company, Inc., Milwaukee, WI 53233
Lot rs: CY 06121CY, AF 01512AF (97+% purity)
Helium: High purity compressed gas
Desert Industrial Gas, Las Vegas, NV 89119
Lot #’s: not available
Stainless steel hypodermic tubing: T316-alloy
All-tube D iv., a MicroGroup C o., Medway, MA
Gage: 29RW OD 0.013" ID 0.007"
Gage: 30HX OD 0.012" ID 0.006"
Gage: 30H
OD 0.012" ID 0.004"
Gage: 30RW OD 0.012" ID 0.002"

CHAPTER 3

EXPERIMENTAL PROCEDURE

Interface Hardware Alterations

Initially the thermospray nebulizer was equipped with a fused silica
capillary column. The signal produced was very unstable, and both the sensitivity
and the reproducibility were very poor due to an unusual pulsing of the signal
which occurred at source temperatures at or above 200°C. This problem was
almost completely corrected by the exchange of the fused silica capillary tubing
for stainless steel hypodermic tubing in the thermospray nebulizer assembly.
However, the placement of the end of the tubing within the source (see Figure
#3) was found to have a tremendous influence on the sensitivity of this method.
A movement of the end of the tubing by less than 1 mm significantly affected the
signal size in most cases and, at distances very near the optimal placement, could
effectively optimize or cut off the signal completely.
Tubing placement was optimized by watching the height and shape of
ammonium adduct ions (See Figure #6) on the scope screen (a real-time ion
display window available through the data system) while making fine adjustments
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in tubing position. Once the optimal placement was located, the appropriate nuts
and ferrules were tightened to hold the tubing securely in position, and no further
placement adjustments were made during the course of the project analysis (unless
tubing replacement became necessary).

It is unclear at this time whether this

placement sensitivity is a distinct characteristic of the stainless steel tubing, or if
its effect can be seen in the fused silica capillary tubing as well.

Signal

reproducibility with the fused silica tubing was so poor that such adjustments
were impossible to evaluate.

Negative Thermospray Mode
(A flow chart summarizing the experimental procedure is displayed in
Figure #4.)

Initial mass calibration below 180 amu was performed using

ammonium acetate ions at 18, 36, 78, and 120 amu for positive thermospray
mode; and 59, 119, and 179 amu for negative thermospray mode. (See figure
#6) PEG with 300, 400 (obtained at 10% in methanol from EPA/EMSL Las
Vegas), and 600 average molecular weight was used to calibrate the instrument
above this range. To avoid system contamination, a solution of 10% PEG in
methanol was injected in 0.5 microliter (fxL) aliquots through the flow-injection
valve, and tune/calibration values for the appropriate peaks were evaluated for
proper mass assignment. Ions formed in this manner ranged from 106 to 620
amu and were separated by a consistent 44 amu difference. By calibrating the
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Initial Compounds Selected

1
Compounds evaluated at literature temperatures
for memory effects and signal strength

I
Detection limits evaluated
with both on-column and column-bypass techniques

4
Compounds re-evaluated with detection limit data
(Compounds not meeting criteria dropped from study)

4
Temperature evaluations started
4
Reduced source temperatures evaluated
(with nebulizer at 160°C, source temperature was lowered
in increments o f 10°C, and signal strength and spectra
were evaluated at each step)
4
Optimal source temperature range determined for single compounds
4
Reduced nebulizer temperatures evaluated
(with source at optimal temperature, nebulizer temperature
was lowered in increments o f 10°C, signal strength and
spectra were evaluated at each step)
4
Optimal nebulizer temperature range determined for single compounds
4
Mass ranges and optimal temperature ranges evaluated
4
Compounds combined for better mass range coverage overall
4
Mixture evaluated for signal strength and spectra stability
at optimal temperatures for single compounds
4
Mixture evaluated for reproducibility (over 45 days)
4
Control charts and %rsd’s compared for 45 day total evaluation period
4
Overall calibration suitability evaluated

Figure 4 Flow Chart o f Experimental Procedure
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instrument initially with a previously characterized compound, it could be
accurately determined what ions were formed by the selected project calibration
compounds, and what mass ranges were covered. Because thermospray has no
certified library of spectra available, no known spectra could be compared for
these compounds to eliminate this initial calibration step.
All three aliphatic acid compounds showed strong signal intensities in the
negative ionization mode, with essentially no detectable signal in the positive
ionization mode. The negative ionization mode was therefore selected for the
aliphatic acid compounds.

Initial negative ion thermospray spectra (Source

temperature setting: 250°C, Nebulizer temperature setting: 160°C) yielded one
major peak for all three aliphatic acids. Major ions monitored for these acids
were the molecular ion minus one mass unit (TFAA 113, PFPA 163, HFBA 213
amu).

Several adduct ions were visible in all three acids’ spectra (at

concentrations above 0.2%), but the majority of the ion current was concentrated
in those ions listed above, when the acids were injected singly.
The polytetrahydrofuran compounds were evaluated initially using the
positive ionization mode. No stable signal could be isolated for these compounds,
even with considerable adjustments in tuning parameters and lens voltages.
Negative ionization was also attempted, but did not yield any more acceptable
results under any of the instrument parameters evaluated. Several high mass ions
were identified while using the polytetrahydrofuran solutions (1%, 5%, and 10%
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in methanol) in the positive ion mode, but none of these were produced in a
predictable and consistent manner.

Detection limits therefore could not be

evaluated for these compounds under the present conditions.

Detection Limits

Table I Detection Limits for Aliphatic Acids

Compound

Detection Limits
On-Column
Flow-injection
(10/iL Loop)
(0.5aL L oop)

TFAA

0.01 ppm (148.0 pg)

0.1 ppm (74.0 pg)

PFPA

0.01 ppm (156.1 pg)

0.1 ppm (78.1 pg)

HFBA

0.05 ppm (822.5 pg)

0.1 ppm (82.3 pg)

Detection limits for the aliphatic acids were determined using both oncolumn and flow-injection techniques.

The detection limit was at 0.01 ppm

(« 1 5 0 pg) with an on-column injection (10/xL loop) for TFAA and PFPA. For
HFBA, the detection limit was slightly higher, at 0.05 ppm ( —800 pg). The
HFBA appears to be more seriously affected by the elevated temperatures in the
thermospray source. The signal is noticeably unstable at source temperatures
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above 200°C. Data on the detection limits for each method of injection are found
in Table #1.

Experimental Determination
of Parameters
After the instrument was calibrated, a systematic method was used to
establish the optimal temperature settings for the source and nebulizer. TFAA
was used initially because the majority of the information available for the triplequadrupole research dealt with TFAA17,18,19.

The experimental parameters

in these references were used to select temperature starting points for the initial
trial analyses.

Temperature Settings
The initial instrument parameters evaluated were a source temperature
setting of 250°C, with a nebulizer temperature setting of 160°C. The source and
nebulizer temperatures were set at 250°C and 160°C respectively. The "tune"
screen of the data system allowed these parameters to be set manually.

A

temperature monitoring window which displayed the actual temperatures present

17 Heeremans, C.E.M .; Van der Hoeven, R.A.M .; Niessen, W .M .A.; Tjaden, U.R.; Van der Greef,

Org. Mass Spectrom. 1988, 24, 109-112.
18 Stout, S.J.; daCunha, A.R. Org. Mass Spectrom. 1990, 25, 187-190.
19 Stout, S.J.; daCunha, A.R. Anal. Chem. 1989, 61, 2126-2128.
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as measured by thermocouples in the source block, the nebulizer shaft, and the
nebulizer tip area was then monitored and actual existing temperatures were
noted.

After the set temperature values were achieved, the source and

surrounding chamber temperatures were allowed to equilibrate without flow for
a minimum of 90 minutes. After flow was initiated, these temperatures were
once more allowed to equilibrate for about 30 minutes.

A flow rate of 1.0

mL/min of 95.0% 0.05 to 0.1M ammonium acetate (pH —7.5) / 5.0% methanol
solution, was then initiated, with a nebulizer helium flow at 80 pounds per square
inch (psi). The source and nebulizer temperatures were allowed to equilibrate
with this flow to ensure not only a steady temperature, but also a steady and
reproducible flow and nebulizer spray.

TFAA Temperature Evaluation
A solution of 95 % ammonium acetate (0 .1M) and 5 % methanol containing
1.0% volume/volume (v/v) TFAA was pumped through the HPLC system
isocratically, and initial tune parameters were adjusted to achieve maximum signal
intensity for major peaks showing in the scope.

Spectra were acquired and

evaluated. The source temperature was then decreased by 10°C, (set to 240°C),
and allowed to equilibrate.

Signal strength was re-evaluated, tune parameters

were adjusted if necessary, and the ion spectra were compared with that taken at
the higher temperature. The source was then reset at a temperature 10°C lower,
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and the entire process of equilibration and evaluation repeated. Signal strength
was evaluated in this manner, every 10°C over a range of 250°C to 150°C.
Below 150°C, the signal/noise ratio decreased substantially, and the TFAA signal
on the scope was completely lost. Maximum signal intensity was seen to occur
at source temperatures between 210°C and 190°C.
A similar, systematic evaluation of the nebulizer temperature was carried
out using a stable 200°C source temperature.

This evaluation required much

shorter time intervals for equilibration than did the source temperature.

The

nebulizer is much smaller and contains less solid metal than the thermospray
source, and therefore responds to changes in temperature settings much more
rapidly than the more massive source block.

The changes in the nebulizer

temperature produced a much more dramatic and immediate effect on the signal
intensity than did those of the source.

Maximum intensity was monitored by

evaluating signal height changes in the scope screen, and was found to occur over
a much narrower temperature range than that of the optimal source temperature,
falling between 80°C and 85°C (actual temperature reading).

This nebulizer

temperature corresponded with an instrument setting of 90 °C on the instrument
parameters tune screen. Nebulizer tip temperature values in this setting ranged
from 170°C to 201 °C, (usually falling from 10°C to 15°C below the source
temperature). The temperature of the nebulizer tip can be monitored through the
temperature status window of the data system. It cannot be manipulated however,
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as this temperature is the result of the source and nebulizer temperatures on the
exiting aerosol jet.

TFAA Tuning Evaluation
Using the optimal settings of 200°C source temperature, and 90°C (set
point) nebulizer temperature, and the 95% ammonium acetate (0.1M) and 5%
methanol containing 1.0% v/v TFAA, the focusing lens’ voltage settings and
other parameter settings available in the "tune" window were adjusted to give the
maximum possible sensitivity. The resulting lens voltages and ion energies were
saved as an initial tune file (see Table #2). This same tune file was used as a
starting point for each separate calibration mixture evaluation.

HFBA Evaluation
These tune file and temperature settings were used with a similar
evaluation of HFBA. A 1.0% solution of HFBA in 0.1M ammonium acetate,
(95.0% ammonium acetate solution/5.0% methanol solvent mixture) was
introduced through the ternary solvent system, and the source and nebulizer
temperatures were altered to note the effects of temperature changes on the ion
intensities and spectra produced. The range of temperature settings explored in
this evaluation was not as extensive as the initial TFAA evaluation, and covered
source temperatures from 230°C to 170°C, nebulizer temperatures from 85°C to
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120°C. The HFBA showed an optimal signal at a source temperature at 195°C
to 200°C, and a nebulizer temperature of 82°C to 85°C (set point at 90°C), with
a markedly unstable signal at source temperatures over 220°C.

PFPA Evaluation
A 1.0% solution of PFPA was evaluated in the same manner, and showed
a similar response with an optimal signal at a source temperature of 190°C to
200°C, and a nebulizer temperature of 82°C to 85°C (set point at 90°C).

Polytetrahydrofuran Evaluation

The polytetrahydrofuran compounds were also evaluated over a range of
temperature settings for both the source and nebulizer, using both the positive and
negative ionization modes. The signal produced, while consistently containing
some high mass ions, continued to be extremely unpredictable and nonreproducible. The high mass ions which were formed, did not occur at the same
masses on a run to run basis.

Due to the extent of this variability, these

compounds were dropped from further consideration as calibration agents.
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Calibration Mixture
All three acids were combined at 1.0% levels in a 0.1M ammonium
acetate solution (95.0% ammonium acetate solution/5.0% methanol solvent
mixture), and were pumped through the thermospray HPLC/MS system. After
running with this solution under the above conditions for several hours (at 1.0
mL/min flow), a white precipitate was noticed in the vacuum lines. Research
done on the triple-quadrupole instrument by Stout and daCunha20 showed this
same occurrence; and while no contamination of the system was noticed, a
decrease in the concentration of the calibration mixture was made to prevent
further precipitate from forming. A new calibration mixture was prepared at
0.5% TFAA, HFBA, and PFPA respectively, in a 0.05M ammonium acetate
solution. This solution was pumped through the analytical column and into the
thermospray interface and HPLC/MS system for roughly 45 minutes, to evaluate
possible column contamination problems.

After a cleanup period using a 1.0

mL/min flow of 0.05M ammonium acetate through the column for 15 minutes,
no noticeable background signal from the aliphatic acids was detected. However,
because of the extremely low pH of this mixture (less than 2.2), the analytical
column was hereafter removed for any extended analyses (analyses lasting for

20 Stout, S.J.; daCunha, A.R. Anal. Chem. 1989, 61, 2126-2128.
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longer than 15 minutes total). Strongly acidic solutions are extremely damaging
to the silica packing material in analytical columns, and extended contact with
such acidic solutions will result in the dissolution of the column packing and
necessitate column replacement.
The absence of the analytical column had no noticeable effect on the ion
signal or intensities. Because a "solvent" solution of the calibration mixture was
being used, no analytical separation was necessary for analysis and the column
could be easily removed without adversely affecting the overall analysis.

A

technique using two separate HPLC pumping systems has been employed by other
researchers21 which eliminates the need to remove the column by adding strongly
acidic or contaminating solutions to the solvent flow after it has passed through
the analytical column (See Figure ft5). Such a system would work well with
these aliphatic acids also. This technique is called post-column addition or post
column introduction, and has been widely used with several other HPLC
techniques22.

21 Fink, S.; and Freas, R; Anal. Chem., 1989, 61, 2050-2054.
22 Betowski, L.D.; Development and Evaluation o f an LC/MS/MS Protocol, Quality Assurance and
Methods Development Division, EMSL Las Vegas.
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Figure 5 Post-Column Addition Setup Diagram
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Instrument Clean-up/Shutdown
Following analysis the 0.5% aliphatic acid mixture was replaced by a
clean, 0.05M ammonium acetate solution. This solution was introduced at 1.0
mL/min until calibration mixture ion peaks were no longer visible on the scope
(usually about 10 to 15 minutes). The solvent mixture was then was gradually
ramped up to 100% methanol using the solvent gradient system on the HPLC.
The methanol was pumped into the system at 1.0 mL/min for approximately 20
to 30 minutes to remove any accumulated salt or other deposits in the hypodermic
tubing and ion source that were not dissolved by the clean ammonium acetate
solution flow. The solvent flow was then stopped, and the nebulizer helium flow
shut down.

The source temperature was reduced to 130°C (set point), the

nebulizer temperature set at 0°C while the instrument was not in use.

This

moderate source temperature served two purposes: (1) to keep the source
relatively clean while not in use, and (2) to avoid the extended warm-up period
required for the instrument to come to equilibration at 200°C from room
temperature.
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Ion Spectra Evaluation
Ion spectra generated using these "tune/calibration" parameters were
monitored repeatedly over a period of 45 days with normal operation including
routine maintenance and downtime. No substantial differences were noted in the
mass spectra produced over this time period.

Standard Preparation
New standard solutions were made up before each set of analyses. All
standard solutions were prepared using a stock 0.65M ammonium acetate solution
which was diluted to 0.05M using a volumetric flask and calibrated pipet. The
acids were added to the dilute ammonium acetate solution using a calibrated pipet.
It was observed that the TFAA signal decreased markedly with the normal helium
purge/de-gas of the HPLC solvent reservoir which prohibited the use of a
standard solution for more than one day’s analysis time. PFPA and HFBA were
not affected to the same degree as the TFAA.

Several "old" or existing

calibration solutions were monitored concurrently with the new standards to
identify any further signal or intensity drop off. A slow decrease in the PFPA
and HFBA signal was noted after about 7 days in the solvent reservoir.
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Background Evaluation
A background check was performed periodically before the calibration
mixture analysis was run, to establish baseline noise levels. These levels were
monitored for a rise in intensity which would show an increasing background
contamination level. A small increase in the background signal (avg = 33 to avg
= 50) was noted after about 30 days o f analyses with no external source cleaning.
Several instrument noise level checks were also performed, to determine
actual non-operating instrument noise. These levels were also monitored for any
rise in intensity, but remained fairly stable throughout the course of the project.

Operating Parameters
The tune parameters selected to establish optimal conditions for the
aliphatic acids being analyzed in the negative ion mode appear in Table #11.
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Table II Tune Parameters for Aliphatic Acids - Negative Ion Mode

Param eter

Therm ospray setting

Filament
Emission
Extractor
Entrance (ELFS)
Ion Energy
Exit
Dynode
Multiplier
Repeller
Source Temperature
Nebulizer Temperature
Ion polarity
Quadrupole DC
MS Pressure
High Mass Resolution

OFF
OFF
41 V
8V
10 V
70 V
5000 V
1800 V
-21 V
200°C (185-209°C)
90°C (82-85°C)
Negative
Normal
—3.0 x 10 s torr
0 dacs

(Note: voltages may differ from day to day by a few settings for maximum
sensitivity, but the overall trends stayed the same as those shown above.)
The temperature settings shown in parentheses are the actual
values reported by the status screen; those not in parentheses are the set
values entered at the start of the analysis. The fluctuations may be either the
result of the actual instrumental conditions or an artifact of the status update
software interfacing with the thermostat electronics.

CH A PTER 4

RESULTS AND DISCUSSION

T he initial calibration perform ed with ammonium acetate ions covered the
mass range from 18 to 179 amu. and gave the ion spectra shown in Figure #6.
T hese ions were very stable, and consistently formed.

Being "naturally"
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Positive Ion: iOOmM ammonium acetate
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Negative Ion: IOOmM ammonium acetate
F i g u r e 6 P o sitiv e and N eg a tiv e m o d e A m m o n i u m Acetate Ion S pectra
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occurring products of the solvent solution, they can be easily utilized during
almost any thermospray analysis.
The TFAA solution showed a substantial amount of dimer and trimer

400

600

860

Mass
Figure 7 TFAA Ion Spectra

formation, with peaks at 113, 227, and 341 amu. The high ammonium acetate
background noise in the region of the 113 amu peak made the acquisition of
spectra which showed both the 113 and the 341 amu peak above the background
extremely difficult.

Therefore, only the peaks at 227 and 341 amu were

consistently evaluated, as seen in Figure #1.
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The peaks at 113 and 341 amu were extremely small (the 341 peak was
often barely above the background noise) with most of the ion current being
concentrated in the peak at 227 amu (for average intensities see Table #3).
Table HI Intensity Comparison for Calibration Compounds

Ion Mass

M ean
Intensity

Mean
Relative Intensity

213
327
377
427
542
641

622.1 (52.6%)
602.2 (60.9%)
1996.5 (51.3%)
4376.0 (55.8%)
81.1 (76.7%)
85.2 (70.5%)

20.2 (91.1%)
14.8 (43.2%)
50.6(28.5%)
100.0 (0.0%)
1.8 (38.9%)
2.0 (52.6%)

amu
amu
amu
amu
amu
amu

Background ON
Background OFF

27.6 (50.0%)
6.4 (7.8%)

NOTE: All ion intensity values given are background corrected
by IONstation software.
Background ON refers to background evaluations made while the
instrument was operating under a 1.0 mL/min ammonium acetate
(0.05M) with source temperature at 200°C (set point) and
nebulizer temperature at 90°C (set point). This should be viewed
as an analysis blank.
Background O FF refers to the background evaluations made
while the instrument was operating in the "Tune O f f mode, with
no lens voltages or solvent flows; source temperature at 200°C
(set point) and nebulizer temperature at 90°C (set point). This
should be viewed as an instrument blank.

40
The peak at 113 amu was not monitored after the initial evaluation because it fell
within the area covered by the ammonium acetate spectra. The presence of the
ammonium acetate ions increased the background noise level in this mass range,
and decreased overall sensitivity for the TFAA when monitoring low mass values.
Only the TFAA peaks at 227 amu and 341 amu were monitored on a regular
basis after the initial evaluation.
TFAA was the most volatile of the three aliphatic acids used, and showed
a decrease in concentration much sooner than either of the other two acids. A
substantial concentration decrease was noted after only 3 hours in the solvent
reservoir. This decrease was not quantified, and was felt to be the result of the
helium de-gas solvent purge.
Dimer and trimer formation was also observed with the HFBA, which
exhibited substantial ion peaks at 213, 427, and 641 amu (see Figure #8). The
peak at 641 amu was the high mass end of the calibration range for the aliphatic
acid compounds, and was monitored closely in all acquired spectra.
PFPA solutions also showed a substantial amount of dimer and trimer ion
formation, and exhibited three major peaks at 163, 327, and 491 amu (See Figure
#9). Once again, the dimer peak (327 amu) gave the strongest signal, while the
other two were very low in intensity (163 and 491 amu).
The mixture of these three compounds gave a more complicated ion
"fingerprint" than may be expected from the spectra acquired from the single
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Figure 8 HFBA Ion Spectra
injections shown in Figures #7, 8, and 9. (See Figure #10) There appears to be
some combination of "molecular" ions within the mixture, as several of the peaks
(namely those at 277, 377, and 542 amu) cannot be explained in terms of
molecular mass without this occurrence. The possible combinations which would
result from the listed masses are shown in Table #4. The calibration mixture ion
spectra shows the signal at mass 427 amu to be the "base peak", with the peaks
at 213, 327, and 377 being closest in intensity (See Table #3). Both the 641 amu
peak, the 542 amu peak, and the 163 amu peak were extremely small, and
seemed to be affected to a much larger degree by temperature and tuning
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Mass
Figure 9 PFPA Ion Spectra

parameters than did the larger peaks.
The peak at 542 amu seemed fairly evenly distributed between masses 542
and 541. Tuning and calibrating the instrument on the 641 amu, and the 427 amu
peaks gave a mass of 542 amu, as did the initial PEG calibration. Because there
is no characterized mass or structure for this calibration mixture, the combination
of molecular ions (or molecular ions and ammonium adduct ions) possible are not
known, and may result in the formation of this mass. For this reason, the peak
was calibrated at 542 amu.
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Figure 10 Calibration Mixture Ion Spectra

44

Table IV Ion Masses

MASS

POSSIBLE COMPOUND COMBINATION

113
163
213
227
277
327
377
427
491
541

TFAA'1 (very small, not monitored regularly)
PFPA'1
HFBA'1
TFAA'1 + TFAA
TFAA'1 + PFPA or PFPA'1 + TFAA
PFPA'1 + PFPA
PFPA'1 + HFBA or HFBA'1 + PFPA
HFBA'1 + HFBA
PF PA 1 + PFPA + PFPA (very small)
HFBA'1 + HFBA + TFAA
or TFAA'1 + HFBA + TFAA
HFBA + HFBA + TFAA
HFBA'1 + HFBA + HFBA

amu
amu
amu
amu
amu
amu
amu
amu
amu
amu

542 amu
641 amu

CHAPTER 5

CONCLUSIONS
The compounds and the calibration mixture were evaluated using the
following criteria:
(1) The compound(s) should exhibit reproducible ion formation over the
required mass range. The product ions formed should consistently have
the same masses, and occur in basically the same intensity ratios from run
to run. (i.e. In positive El particle-beam mode, PTA consistently covers
the mass range from 69 to 614 amu with six major ion fragments (69,
131, 219, 414, 502, 614). The ions at 502 and 614 are consistently the
smallest peaks in the series, with 69, 131, and 219 being the dominant
fragments.)
(2) The calibration compound(s) should have acceptably low detection
limits, and exhibit good signal strength.
(3) The compound(s) selected should not exhibit any long term memory
effects; (i.e. the compound(s) should be easily removed, and should not
contaminate the system.)
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(4) The compound(s) should also be usable and reproducible over a range
of instrumental conditions if possible.

Small temperature fluctuations,

batch to batch compound or solvent differences, and day to day tuning
differences should not affect the ions produced to a large degree.
Temperature sensitivity is a characteristic of the thermospray technique,
and cannot be avoided to any great degree.

Ruggedness in this sense

refers to minor instrumental fluctuations in temperature, not large changes
in operating temperature settings.
The data generated during the course of this project showed that (1)
reproducibility for the aliphatic acid calibration mixture fell within an acceptable
thermospray range, for all major ions.

For the smaller ions (closer to the

background noise levels), lower reproducibility (higher %rsd) values were
obtained (See Table #3). These smaller ions were good indicators of calibration
standard quality, and often indicated when the instrument needed a slight
adjustment or re-tuning.

Data generated for the polytetrahydrofurans showed

extremely low signal reproducibility under the instrument conditions evaluated.
These compounds were subsequently dropped from further consideration as
calibration compounds.
(2)

The detection limit evaluation for the aliphatic acids showed good

sensitivity for all three compounds using both the on-column injection technique,
and the flow-injection valve.

The low detection limits, combined with the
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availability of two possible injection techniques, allows the calibration to be set
initially using a solvent flow method combined with post-column addition
methods, and then spot checked at some point later in the analysis using the flowinjection valve. Spot checks made in this manner would allow the calibration to
be checked without changing solvent flows or removing the analytical column.
It should be noted that the formation of dimer and trimer molecules by the
aliphatic acids seems to be dependant to some extent on the concentration. This
is evidenced by the fact that detection limit evaluations performed at low
concentration levels showed only the molecular ion (molecular weight (MW)
minus 1 amu) in acquired spectra.

This potential relationship should be

acknowledged if a decrease in the calibration solution is considered, however, as
there has been no evidence of system contamination occurring at the present
concentration levels (up to 1.0%), a decrease in the concentration of the
calibration mixture should not be necessary.
(3)

There was no evidence of memory or contamination effects from the

aliphatic acid calibration mixture. This absence would allow extended use of a
solvent flow calibration solution without the occurrence of memory effects which
could jeopardize analysis results. The aliphatic acid calibration mixture did have
a very low pH, however, which would necessitate the removal of the analytical
column during an extended use of the calibration solution, or the use of a post
column addition technique for the calibration solution.
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(4)

The overall ruggedness and stability of the initial instrument calibration

using this mixture should be adequate for all but the most extreme of temperature
settings during analysis.

It has been noted that major differences between

calibration temperature settings and analysis settings can cause some retraction or
expansion in the source or quadrupole components, which can result in some tune
and calibration drifting.

This expansion would presumably be directly

proportional to the magnitude of the temperature differences, and should not
affect the calibration to a noticeable degree over the major portion of the
instrumental working range.

Day to day differences in solvent mixtures

(dependant on instrument gradient reproducibility), and batch to batch differences
in standard preparation did not noticeably affect the calibration signal.

The

temperature sensitivity of this technique however, can play a major role in the
signal intensity and reproducibility. Temperatures should therefore be set and
monitored with extreme care throughout the calibration or analysis sequence.

Recommendations

Several recommendations can be made based on the information collected
over the course of this research.
(1)

The combination of the three aliphatic acids, TFAA, PFPA, and

HFBA, appears to generate a reliable calibration mixture for TSP HPLC/MS.
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The adjustment and stability of temperature settings, however, seems to play a
critical role in the reproducibility of this method.

Temperature fluctuations,

especially in the nebulizer temperature settings, can adversely affect the overall
reliability of the calibration mixture.
(2) With the evidence of temperature sensitivity by both the thermospray
ionization source in general, and this calibration method specifically, there is a
possibility that the temperature and tuning parameters listed in this report may be
instrumentally dependant to a degree.

The application of these parameters or

methods to any other instrument may therefore entail some initial optimization
efforts. These parameters should provide a solid base from which optimizing
adjustments can be made.
(3) There also appears to be a certain degree of dependance on
concentration for substantial dimer and trimer formation by these compounds.
This dependance would seem to indicate that the use of this calibration mixture
at lower concentration levels than these evaluated here, could result in a less
efficient calibration range.
(4) The polytetrahydrofurans evaluated here did not show the desired
degree of reproducibility, and were eliminated from further evaluation.
Temperature and instrument parameter settings other than those evaluated here
may produce positive results for these compounds. Further research in this area
would be beneficial, as it may result in the identification of a calibration mixture
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for the positive thermospray ionization mode.

This would be extremely

complementary to the method outlined here for negative thermospray calibration,
and would potentially allow this technique to be applied to an even larger range
of compounds than is currently possible.
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APPENDIX A

The following ion intensity graphs show signal intensity versus time in
days.

Ion intensity graphs showing background levels versus time are also

included.

The background ON ion intensity graph shows that intensity peaks at
roughly 30 days,, indicating that there is some low level system contamination.
This background level decreases after a thorough cleaning of the source interior.

The signal from the 213 amu peak shows a decrease at roughly the same
time, (the other ions monitored show an increase in %rsd values at this same 30
day time period).
The vertical scale on the ion intensity graph for the 213 amu ion peak has
been expanded to show this difference, and possible sensitivity relationship.

52
NTENSITY

DAYS

Intensity Graph for Ion Mass at 213 amu

^

iC ,°

53

NTENSTTY

M M f O U U U U A A A U I U I U I O l O )

ntensity Graph for Background ON scans

> ■O C O

54
INTENSITY
U U U U J k A & U I U I U l O t O )
O f j m rn »1 / N m ... . r
_ r'

</>

ntensity Graph for Background OFF scans

v

10 C O O

BIBLIOGRAPHY

Bellar, T.A .; Budde, W.L. Anal. Chem. 1989, 61, 2050-2054.
Bellar, T.A .; Budde, W.L. Anal. Chem. 1988, 60, 2076-2083.
Betowski, L .D .; Development and Evaluation o f an LC/MS/MS Protocol, Quality
Assurance and Methods Development Division, EMSL Las Vegas.
Blakley, C.R.; Vestal, M .L.; Anal. Chem. 1983, 55, No. 4, 750-754.
Covey, T.R .; Crowther, J.B.; Dewey, E.A .; Hennion, J.D .; Anal. Chem. 1985,
57, No. 2, 474-481.
Covey, T.R .; Lee, E.D .; Bruins, A.P.; Hennion, J.P.; Anal. Chem. 1985, 58,
No. 14, 1451A-1461A.
Extrel Benchmark Operation and Installation Manual, Version 2.2; Section 3.0
Principles of Operation; Extrel: Pittsburgh, PA, 1991.
Fink, S.; Freas, R.; Anal. Chem. 1989, 61, 2050-2054.
Heeremans, C.E.M .; Van der Hoeven, R.A.M.; Niessen, W .M .A.; Tjaden,
U.R.; Van der Greef, Org. Mass Spectrom. 1988, 24, 109-112.
Heller, S.R.; McGuire, S.M.; Budde, W .L.; Environ. Sci. Technol. 1975, 9,
210-213.
Jones, T.L; Betowski, L.D.; Lesnik, B.; Chiang, T.L.; Teberg, J.E.; Environ.
Sci. Technol. 1991, 25, No. 11, 1880-1884.

55

Liberato, D .J.; Fenselau, C.C.; Vestal, M .L.; Yergey, A.L.; Anal. Chem. 1983,
55, No. 11, 1741-1744.
Liberato, D .J.; Yergey, A.L.; Anal. Chem. 1986, 58, 6-9.
Liquid Chromatography/Mass Spectroscopy: Application in Agricultural,
Pharmaceutical, and Environmental Chemistry, Brown, M .A., Ed.; American
Chemical Society: Washington D.C. 1990.
Pilsof, D.; Kim, H.Y.; Dyckes, D .F.; Vestal, M .L.; Anal. Chem. 1984, 56, No.
8, 1236-1240.
Saar, J.; Haimberg, M.; Org. Mass Spectrom. 1991, 26, 660-663.
Stout, S.J.; daCunha, A.R. Org. Mass Spectrom. 1990, 25, 187-190.
Stout, S.J.; daCunha, A.R. Anal. Chem. 1989, 61, 2126-2128.
Vestal, M .L.; Fergusson, G.L.; Anal. Chem. 1985, 57, No. 12, 2373-2378.
Willoughby, R.C.; Browner, R.F.; Anal. Chem. 1984, 56, No. 14, 2626-2631.
Yergey, A.L.; Edmonds, C.G.; Lewis, I.A.S.; Vestal, M .L.; Liquid
Chromatography/Mass Spectroscopy: Techniques and Applications', Plenum: New
York 1990; Chapter 4.

56

